DNA sequence data generation has traditionally been a significant bottleneck in the production of well-resolved molecular phylogenies both in terms of time and money. As smaller laboratories now have access to molecular techniques once accessible only in large laboratories with expensive equipment, and the cost per base of DNA sequencing has dramatically dropped, most laboratories, including those working on nonmodel organisms, can produce large molecular datasets. In this study, we discuss the technical and financial details of producing a reduced-representation genomic dataset for the resolution of species-level phylogenies of two distantly related ant genera (Cephalotes and Polyrhachis), and then compare our resulting phylogenies with phylogenies generated by previous studies using the more traditional gene-based approach. We demonstrate that genotyping-by-sequencing is a cost-effective and appropriate method for species-level and potentially higher phylogenetics in insects but recognize that bioinformatic skills will now be the bottleneck for many laboratories and researchers.
Inferring the evolutionary relationships among the diversity of organisms on the planet has implications outside of systematics alone and includes fields as diverse as evolutionary biology, ecology, conservation science, food and crop security, and human health. Coupled with this understanding of the importance of having well-resolved evolutionary relationships across the tree of life, new technologies have made possible the generation of data at a scale not feasible in the past. The larger sizes of these new molecular datasets, together with the sequencing of loci scattered across the genome, may make it more likely for researchers to resolve difficult areas of the tree of life. With this comes the opportunity to generate large amounts of phylogenetically informative data for a low cost per nucleotide.
Several reduced-representation genome-sequencing (RRGS) methods are available for phylogenetic inference. These include ultraconserved elements (Faircloth et al. 2012) , anchored hybrid enrichment (Lemmon et al. 2012) , and several methods that fall under the broad category of restriction-site-associated DNA sequencing (RADseq). These RADseq methods include standard RADseq (RADtag; Baird et al. 2008) , double-digest RADseq (ddRAD; Peterson et al. 2012) , and genotyping-by-sequencing (GBS; Elshire et al. 2011) . One difference between the RADseq methods and GBS is that RADseq requires DNA shearing equipment, which is expensive and not common among smaller molecular laboratories. Another difference is that RADseq methods are likely to sequence almost every restriction site, where GBS results in more missing data across individuals.
While outside of the scope of this study to investigate the utility of each of these RRGS methods, we imagine that a direct comparison of these methods for phylogenetic inference will soon be available in the scientific literature, although there are reviews that compare these methods more generally in ecology and evolution (Davey et al. 2011 , Andrews et al. 2016 . Due to the low cost per sample, lack of special equipment required, and feasibility for most molecular laboratories, we investigate the potential role of GBS in phylogenetic reconstruction for insects. GBS methods result in thousands of 'loci' per sample, although determining homology of these loci between samples can be difficult (Rubin et al. 2012) . The length of the loci are often short (50-150 bp), but this is currently limited by the sequencing technologies and can produce longer loci/reads as the technologies improve.
There have been several studies that have implemented GBS at the population and phylogeographic level (Emerson et al. 2010 , Elshire et al. 2011 , Harvey and Brumfield 2015 , Pellegrino et al. 2016 ; however, fewer empirical studies have leveraged this method at the species level (or higher) (Keller et al. 2013 , Escudero et al. 2014 , Wong et al. 2015 , Winston et al. 2017 . One simulated study on real genomic data has demonstrated the potential utility of this and related methods for groups of taxa younger than 50 million years (Mya) (Rubin et al. 2012) . To empirically test the utility of the RRGS GBS method for speciesrich groups of organisms, we examined two ant genera (Cephalotes Latreille 1802 (Hymenoptera: Formicidae) and Polyrhachis Smith 1857 (Hymenoptera: Formicidae)) that are distantly related, but have molecular phylogenetic analyses that have been completed in other studies based on modest gene-based approaches. Our goal for this study is to provide an empirical proof-of-concept for the use of RRGS for phylogenetics and outline the protocols we implemented for other laboratories to apply and modify as needed.
Materials and Methods

Taxon Sampling and DNA Extraction
To test the utility of this method, we included 48 samples from our focal taxa groups (Table 1 ). All samples were collected and stored in ethanol until DNA extractions were performed . We selected these groups to represent two distantly related lineages of ants (Moreau et al. 2006, Moreau and Bell 2013) , for which previous molecular phylogenies have been inferred using modest gene-based sequencing (Price et al. 2014, Mezger and Moreau 2016, Moreau et al. in prep.) Sample details in bold were omitted from our analyses due to low depth of coverage (<10×). Clusters at 85% are the total number of loci after trimming, filtering, and clustering the reads at 85% similarity.
within the turtle ant genus Cephalotes (subfamily Myrmicinae), we sampled 22 individuals from 13 different species representing 9 of the 18 'species groups' recognized from Price et al. (2014) Table 1 for voucher codes).
Restriction Enzyme Selection
To determine the most appropriate restriction enzyme, we borrowed from the analysis of Rubin and Moreau (2016) , which aligned published ant genomes to identify appropriate restriction sites that in this case were used to provide a linkage map for genome annotation of a single ant species. In previous study, the frequency of cut sites and fragment size for 280 commonly used restriction enzymes (New England BioLabs Inc., Ipswich, MA) was investigated against seven ant genomes (Bonasio et al. 2010; Nygaard et al. 2011; Smith et al. 2011a,b; Suen et al. 2011; Wurm et al. 2011) . For this approach, each potential restriction enzyme cut site was blasted against each of the seven ant genomes. To facilitate sequencing of the target fragments, Rubin and Moreau (2016) considered only restriction enzymes that produced a mean distance between cut sites of approximately 1,000 bp. Restriction enzymes that fit these criteria were then compared to previously published studies that have successfully used and created barcode adapters for these restriction enzymes. Based on this approach, we used the restriction enzyme ApeKI (Elshire et al. 2011 ), but researchers working on other taxonomic groups should preform this step to find the most appropriate restriction enzymes when closely related genomes are available.
GBS Library Preparation
All samples were processed using a modified version of the reducedrepresentation genome RADseq protocol, GBS, of Elshire et al. (2011) with the addition of a size-selection step (described below) to ensure that all fragments were of an appropriate size to be sequenced on a next-generation sequencing platform. The restriction enzyme (ApeKI) and adapter and barcoding sequences were all taken from Elshire et al. (2011) . We began by quantifying all of our genomic DNA (gDNA) extractions using a High-Sensitivity DNA assay on a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA), using 2 µl of gDNA per assay. Based on those readings, we calculated the volume required to obtain 200 ng of gDNA for each sample, sometimes using the entire sample if there was not a full 200 ng available (Table 1) . The barcode and common adapters were diluted, annealed, quantified, and dried down as in Elshire et al. (2011) . We then added 200 ng (if available) or the entire extraction of gDNA to the wells containing the prepared adapters and dried everything down again. These combined and dehydrated samples were then digested with the ApeKI restriction enzyme in 20 µl reactions and adapters were ligated to sticky ends in 50 µl reactions, as in Elshire et al. (2011) . Following this protocol, we pooled the barcoded samples by combining 20 µl of each reaction into a single tube and then purified the combined sample using the QIAquick PCR purification kit including the optional sodium acetate (Qiagen Inc).
The pooled libraries were then size selected to a range of 300-800 bp on a 1% high-melt agarose gel and cleaned up with the Qiagen gel extraction kit with a final elution in 30 µl elution buffer (EB) (Qiagen Inc.). Out of concern for overloading the spin columns with gel, we cleaned each size-selected gel slice in its own column and as a result ended up with size-selected samples that were of lower concentrations than we would have generated if we had run all slices through a shared spin column. We compensated for this lower concentration by running more PCRs, as described below.
The size-selected library was amplified using the PCR modified from Elshire et al. (2011) with the following thermalcycler profile: 72°C for 5 min, denaturing at 95°C for 1 min, and then 17 cycles of 95°C for 30 s, 65°C for 30 s, and 72°C for 1 min, with a final 5 min elongation step at 72°C. In an attempt to reduce PCR bias, we ran this PCR multiple times as in Rubin and Moreau (2016) ; however, while that study ran the PCR 4 times, we ran ours 16 times in order to compensate for the low concentration of our size-selected library, although this is not necessary if concentrations are not an issue. PCR products were pooled, and the combined PCR product was then cleaned using a QIAquick PCR purification kit (Qiagen Inc.), with a final elution in 30 µl of EB. The combined sample was pooled with other GBS libraries from our laboratory and sequenced directly on a single lane of an Illumina HiSeq2000 with 100-bp single-end reads. In total, the sample that was sequenced on the HiSeq contained GBS libraries from 192 different individuals to reduce cost per sample while still generating significant data for all samples included.
NGS Data Processing
The resulting next generation sequencing (NGS) Illumina data were analyzed using the pyRAD pipeline, version 2.11 (Eaton and Ree 2013) . The analysis was run on a 64-bit Linux workstation with 250 GB of memory and 40 CPUs running at 3 GHz each, though we used only 10 CPUs in each of our analyses. We set the expected sequence of the restriction recognition site overhang to CWGC for ApeKI. Reads were clustered at 85% similarity (both within sample and between samples), and we excluded any sequences that were shorter than 70 bp. Below is a brief description of the different analysis steps carried out by pyRAD, along with the parameters that we specified in our analysis. For a more detailed description, see Eaton (2014) .
The first step in pyRAD is demultiplexing of the sequences (i.e., where the raw FASTQ sequences are segregated by their barcode sequences).
Step two is a quality-filtering step, in which all barcode and Illumina adapter sequences are removed, and any base calls with a Phred quality score below 33 (the default setting) are changed to N. We also set the analyses so that any read with more than four N's was not included in further analyses. In step three, the within-sample sequences are clustered using USEARCH (Edgar 2010) , and then the clusters are aligned with MUSCLE (Edgar 2004) .
Step four uses a maximum-likelihood (ML) equation to estimate both the mean heterozygosity rate and the sequencing error rate from the base counts at each site across all clusters.
The estimates of the mean error rate and heterozygosity from step four are used to create consensus sequences for each cluster in step five. In the process of generating consensus sequences, pyRAD refers to parameters set by the user to filter out sequences based on the following, with the values we used set in parentheses: minimum coverage (6×), maximum number of undetermined sites (four), maximum number of heterozygous sites (five), and maximum number of alleles (two). USEARCH is used again in step six to cluster consensus sequences across samples by sequence similarity. Finally, in
Insect Systematics and Diversity, 2017, Vol. 1, No. 2 Downloaded from https://academic.oup.com/isd/article-abstract/1/2/ixx009/4584513 by cmoreau@fieldmuseum.org on 03 November 2017 step seven, the clustered consensus sequences are aligned, presumed paralogs are removed, and human-readable output is generated in a variety of formats.
Phylogenetic Inference and Assessing Phylogenetic Accuracy
To reconstruct phylogenetic relationships for the two included ant genera, we used the noninterleaved PHYLIP file (Felsenstein 1989) produced by pyRAD. This file contained all of the GBS loci concatenated into a supermatrix, with missing data for any individual sample with incomplete taxon sampling filled in with N's (de Queiroz and Gatesy 2007). We implemented RAxML v.8.1.2 (Stamatakis 2006) using the GTR + GAMMA model of molecular evolution to reconstruct the ML topologies for each of the two datasets. Bootstrap values were estimated from 100 pseudoreplicates starting from random seeds.
The phylogenies that we inferred from our GBS datasets were then compared to respective reference phylogenies based on genebased Sanger sequencing. The reference phylogeny for Cephalotes, from Price et al. (2014) , is a Bayesian consensus tree based (although the ML topology of Price et al. (2014) was identical for the taxa included here) on both the combined morphological and molecular dataset and the molecular dataset. The molecular dataset is composed of traditional Sanger sequences of three mitochondrial genes and three protein-coding nuclear genes, for a total concatenated length of 3,479 bp, with 1.2% of the nuclear sequences and 6.9% of the mitochondrial sequences either missing or partially missing. The reference phylogeny for Polyrhachis, from Mezger and Moreau (2016) , is based on a Bayesian consensus tree (although the ML topology was identical for the taxa included here) generated from traditional Sanger sequence dataset consisting of two mitochondrial genes and six protein-coding nuclear genes. The total concatenated length of this dataset was 4,923 bp, with 6.4% of the nuclear sequences and 16.6% of the mitochondrial sequences either missing or partially missing. These reference phylogenies were pruned using Mesquite (Maddison and Maddison 2016) to match the same taxa and number of included samples.
Results
GBS Library Preparation and NGS Data Processing
After implementing the RRGS GBS sequencing protocol of Elshire et al. (2011) with the addition of a size selection step our Illumina HiSeq run yielded an average of 4.03 × 10 6 reads for the 19 Cephalotes and Procryptocerus samples (5 samples out of the original 24 failed to produce a mean depth of coverage of at least 10× and so were omitted from analysis; see Table 1 ), which resulted in an average of 2.04 × 10 5 loci per sample after filtering and clustering with a minimum of 6× coverage. The mean depth of coverage for the Cephalotes dataset was 18.6. The minimum taxa dataset (i.e., the set of loci for which there were at least four samples with representative data) for this group had an average of 2.5 × 10 4 consensus loci. The average ML estimate of the sequencing error rate was 1.81 × 10 -3 and the average heterozygosity rate was 8.03 × 10 -3 . In our final matrix, the total number of variable loci was 309,141 and of those there were 54,214 that were parsimony informative.
For the analysis of the GBS libraries prepared from the Polyrhachis and Camponotus samples, an average of 2.88 × 10 6 reads were sequenced, generating on average 1.02 × 10 5 loci per sample after filtering and clustering. The mean depth of coverage for these samples was 29.6, and there were an average of 3.4 × 10 4 loci in each sample's minimum taxa dataset. The average ML estimate of the sequencing error rate for these samples was 1.58 × 10 −3
, and the average rate of heterozygosity was 3.92 × 10 −3 . Our final dataset had 173,004 variable loci, of which 60,279 are parsimony informative. See Table 2 for a summary of these data and all data have been deposited in NCBI (BioProject ID: PRJNA383731).
Accounting for the costs of DNA extraction, GBS library preparation, and multiplexing our 48 samples in one Illumina HiSeq lane (along with three other GBS libraries from our laboratory for a total of 192 samples run on a single HiSeq2000 lane), our cost per sample was approximately US$12 (Table 3 ). This cost does not account for any labor costs associated with the library preparation as we prepared the libraries in our laboratory. In addition, there is a large up-front cost for the barcoded adapters (~US$1,100.00), but the volume purchased is enough for thousands of reactions per barcode. After the cost of sequencing on the HiSeq2000, the largest cost for this method was the DNA extraction with the Qiagen blood and tissue kit. Given the sensitivity of restriction enzymes to contaminants sometimes found in DNA extractions, we do not recommend lower cost extraction methods when possible.
Phylogenetic Inference
Cephalotes
Our analyses recovered as monophyletic all Cephalotes turtle ant species for which we had multiple samples represented, and the two Procryptocerus cluster together outside of the Cephalotes clade. Cephalotes lineages had been previously grouped into 18 different 'species groups' based on morphological data (de Andrade and Baroni Urbani 1999) . In all instances in this study where there were multiple representative species from the same species group, our analysis recovered the group as being monophyletic. This topology matches that of the phylogeny from Price et al. (2014) , which was based on Sanger gene-based sequencing combined with morphological data.
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Results of our analyses also lend strong support (bootstrap support > 0.95) to some nodes, where support was lacking (posterior probability < 0.95) in the Sanger/morphology tree for both the Bayesian and ML topologies (Figs. 1 and 2 ). All nodes in our GBS tree were well supported, while there were three nodes in the trimmed Sanger/ morphology tree of Price et al. (2014) for which support was lacking (Fig. 2) . For example, the node representing the split of the basalis group from the clade including the laminatus/pusillus, pallens, pinelli, coffee, and angustus groups lacks strong support in the Sanger/morphology topology but has high support in our GBS phylogeny (Fig. 1) .
However, there were several differences in well-supported relationships between the species groups in the Sanger/morphology tree of Price et al. (2014) Prices based from quotes from June 2016. Fig. 1 . ML molecular phylogenies generated for this study using the RRGS method GBS. On the left is a phylogeny of the ant genus Cephalotes and the outgroup Procryptocerus. This Cephalotes topology including all samples that had sufficient data generated for our analyses. On the right is the full phylogeny of all samples included for our analysis of the ant genus Polyrhachis, along with the outgroup Camponotus. Both phylogenies were inferred from Illumina data generated from GBS libraries and were inferred using RAxML. Nodes with ML bootstrap support >0.95 are represented by black dots on nodes.
Downloaded from https://academic.oup.com/isd/article-abstract/1/2/ixx009/4584513 by cmoreau@fieldmuseum.org on 03 November 2017 the phylogeny of Price et al. (2014) , Cephalotes targionii (angustus group) is sister to the clade containing the laminatus/pusillus, pallens, pinelli, and coffae groups, with the latter two groups sister to each other. However, in the GBS phylogeny from this study, C. targionii is sister to Cephalotes crenaticeps (coffae group, bootstrap support > 0.95), and the two together are sister to a clade containing the laminatus/pusillus, pallens, and pinelli groups in a strongly supported split ( Figs. 1 and 2 ).
Polyrhachis
All four subgenera for which we had multiple representative species were recovered as monophyletic. Recent work by Mezger and Moreau (2016) challenged the monophyly of several of the previously defined subgenera and reconfigured the genus-wide topology into four broad regions composed of multiple subgenera, numbered I through IV, based on the Sanger-based molecular phylogeny they generated. Our study did not include multiple species of any of the subgenera challenged in the Mezger and Moreau (2016) study; however, we were able to recover the three geographic regions of the tree included in this study as being monophyletic, as found in the previous study. The topology of the GBS phylogeny generated for this study was congruent with the phylogeny from Mezger and Moreau (2016) with the exception of the relationships within the subgenus Cyrtomyrma (within region II). In both trees, the basal node of the group is highly supported, but the splits differ between the two trees. In the phylogeny of Mezger and Moreau (2016) , the Cyrtomyrma subgenus is inferred with Polyrhachis delecta as sister to the rest of the clade, however in our GBS topology the split is between Polyrhachis monteithi and the rest of the subgenus. There are also differences in other nodes, though none of those nodes are supported in either topology. For all species where we had multiple representatives, we recovered them as monophyletic with the exception of Polyrhachis senilis with Polyrhachis sokolova nested within this clade (Figs. 1 and 3) .
Discussion
The development of high-throughput sequencing technologies has removed data acquisition as the primary bottleneck for empirical phylogeneticists. As DNA sequencing technologies continue to make sequencing vast amounts of data more affordable, even for nonmodel organisms, ensuring that these data are appropriate for the level of question being addressed is critical. To address the utility of RRGS for phylogenetic inference, we used the RADseq GBS method of Elshire et al. (2011) with the addition of a size selection step for two distantly related ant genera of varying ages. Our results demonstrate not only the effectiveness of this method for species level phylogenetics, at least for the two ant genera we included but also the cost effectiveness and technical feasibility of such an undertaking for smaller research laboratories.
On average we recovered 150,000 loci and an average of 57,000 parsimony-informative sites per taxonomic group, demonstrating the large amount of data that are available for phylogenetic inference using the GBS RADseq method we implemented Insect Systematics and Diversity, 2017, Vol. 1, No. 2 
Fig. 2.
Comparison between phylogenetic topologies generated by different molecular methods for the turtle ant genus Cephalotes. On the left is the tree inferred by Price et al. (2014) , trimmed with the Mesquite prune clade tool to represent only the taxa represented in the present study. The Price et al. (2014) phylogeny was inferred with Sanger DNA sequence data from three protein-coding nuclear genes (1,457 bp) and three mitochondrial genes (2,022 bp). On the right is the phylogeny inferred for this study, also pruned with the Mesquite prune clade tool to remove duplicate taxa. This GBS topology was inferred from a dataset that had on average 25,000 loci per sample, each 100 bp in length. In the middle are the morphological species groups assigned by de Andrade and Baroni Urbani (1999) . Nodes with Bayesian posterior probabilities >0.95 and/or ML bootstrap support >0.9 are represented by black dots on nodes; Nodes with only Bayesian posterior probabilities >0.95 and ML bootstrap support >0.7 are represented with black diamonds on nodes.
Downloaded from https://academic.oup.com/isd/article-abstract/1/2/ixx009/4584513 by cmoreau@fieldmuseum.org on 03 November 2017 here. Our cost per sample was $12, most of which was incurred by the sequencing step, which could be further reduced with additional barcode adapters for additional multiplexing. We believe this method will be a viable option of many researchers interested in species, or higher level, phylogenetic relationships of nonmodel organisms, especially if sequencing costs continue to drop near the rate at which they have dropped over the last 10 years (Wetterstrand 2015) .
In our analyses of the phylogenetic relationships of two distantly related ant genera, Cephalotes and Polyrhachis, we recovered highly resolved topologies. For both genera, we were able to resolve nodes that had previously been difficult to resolve and/or recover statistical support with previous gene-based Sanger sequencing datasets (Figs. 2 and 3 ). For the Cephalotes phylogeny, we also recovered maximum clade support for all nodes, while there were two nodes that did not receive statistical support in the Polyrhachis phylogeny. There has been work (Rubin et al. 2012) suggesting that this type of reduced-representation genomic sequencing data may be insufficient for resolving clades representing splits that occurred more than 50 Mya because of a drop out of loci due to mutation at restriction sites or difficultly assigning homology between variable loci. Although evolutionary age does not seem to be the cause, we cannot rule this out for the parts of our topology that lack support, but regardless, overall the topologies between our RRGS data and the previous studies are largely congruent and in some cases our data resolves parts of the topologies that lacked support in the genebased sequencing studies.
One limitation of this method is that as a restriction-based method, data from one dataset are not likely to be easily combinable with other studies due to issues with homology. For this reason, more expensive methods based on target-capture-based RRGS may be preferred. In addition, we caution using this method on taxonomic groups that are older than 50 Mya as this may affect the reliability of the data to infer phylogenetic relationships. Finally, efforts previously directed at generating molecular data should now be shifted toward developing bioinformatics tools and computational biology skills for the analysis of the large volume of data currently being produced. Fig. 3 . Comparison between phylogenetic topologies generated by different molecular methods for the spiny ant genus Polyrhachis. On the left is the tree inferred by Moreau et al. (in prep.) , trimmed with the Mesquite prune clade tool to represent only the taxa represented in the present study. The Moreau et al. (in prep.) topology was inferred with Sanger DNA sequence data from two mitochondrial genes (1,995 bp) and six protein-coding nuclear genes (2,928 bp). On the right is the phylogeny inferred for this study, also pruned with the Mesquite prune clade tool to remove duplicate taxa. This GBS topology was inferred from a dataset that had on average 34,000 loci per sample, each 100 bp in length. In the middle are the subgenera, with taxonomic groups assigned from Mezger and Moreau (2016) in parentheses. Nodes in the Sanger phylogeny with ML bootstrap support >0.7 and nodes in the GBS phylogeny with ML bootstrap support >0.95 are represented by black dots on nodes.
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